Conventionally, the critical potential represents the potential marking the onset of bulk dealloying. The current density below the critical potential is only weakly dependent on potential, and the physical processes responsible for this passive-like behavior are poorly understood. In situ scanning tunneling microscopy was used to study the natjge of the surface morphology which develops at potentials less than the critical potential. At fixed potential, the time-dependent evolution of the surface morphology was correlated with the observed current decay. This allowed us to identify and model the physical processes which control the current decay. We find two general regimes of power, law behavior in the current decay corresponding to exhaustion of an activation-controlled dissolution process (t ) and the operation of one of three mechanisms of surface mass-transport control (t518, t112, and t"4). Potential-pulsing experiments were performed in order to examine the effect of a "blocking" noble-metal layer on the nucleation and growth of the porous structure associated with bulk dealloying. These results were analyzed using a Johnson-Mehl-Avrami analysis. The Avrami exponents found were fractional and in the range of 1.25 to 1.8. The fractional exponents were interpreted in terms of the fractal dimension characterizing the initial stages of porosity formation during bulk dealloying.
Introduction
is a schematic illustration of the current-potential behavior of a binary noble-metal alloy at a composition AB55 where A is the more electroactive element and p is greater than the dealloying threshold.1'2 Bulk dealloying occurs above the critical potential, E,, which results in the formatioh of a two-phase interpenetrating solid-void corrosion morphology.3'4 The physics of the processes determining the critical potential was the subject of a recent paper5 which showed that for most systems E, is determined by a balance between dissolution-induced surface roughening and surface-diffusion-induced smoothing. Below the critical potential, the current density is surface-diffusion limited and is typically less than 1 p.A cm2. In this manuscript we focus on the region below the critical potential with the aim of addressing the following questions: What is the surface structure or morphology which evolves below E,, and what is its relation to the kinetics of dissolution below E,? These questions represent important fundamental unresolved issues relating to alloy corrosion.
Consider the following experiment. An alloy electrode is maintained at a potential E1 below the critical potential allowing for a prescribed charge density, Q, resulting in the concomitant accumulation of a number of equivalent monolayers of the more noble component, B. The potential is then pulsed to another value, E2, which is greater than the critical potential (see Fig. 1 ). What is the current-time response of the electrode, and is it typical of a nucleation and growth process? How does this response depend on Q? Another aspect of this issue relates to the evolution of the surface morphology below E,, and how the current-time response at E2 is affected by the morphology developed at E Our previous work demonstrated the importance of percolation paths in determining the corrosion behavior of random solid solution-alloys.2-6 Since temperatures of the order of 300 K represent a small fraction of the melting temperature of most alloys of interest, these pathways are effectively quenched into the atomic structure. The alloy composition determines the average diameter, , of the percolation "backbone" path through the solid, which was given by (1 + p)a/(1 -p), where a is the nearest neighbor distance in the crystal lattice. 5 The electrochemical reactivity of the more reactive element in the alloy is set by clusters of average size , which intersect with the surface of the electrode. This reactivity is expressed as a dissolution potential given by E(p)=E+11I [1] nq where y is the liquid/solid interfacial free energy, ft is the atomic volume, n is the number of electrons transferred in the dissolution reaction, and q is the elementary charge of an electron. E is the reversible potential of (flat) elemental A defined by the Nernst equation. The critical potential contains an additional kinetic overpotential term which results from a competition between dissolution of the more active component from clusters of size , leading to surface roughening, and curvature-driven surface diffusion, resulting in a surface smoothing effect. Accordingly, the critical potential was given by [2] where N, is the number of atoms per unit area, k is Boltzmann's constant, T the absolute temperature, D, the surface diffusivity, and J, is the mass flux corresponding to the exchange current density. The first two terms on the left side correspond to the previously defined dissolution potential, and the third term corresponds to the kinetic overpotential. At low overpotentials, the diffusion of the more noble component covers dissolution sites of size , and a surface-diffusion-limited current density develops. Above a critical potential, the dissolution rate overcomes the covering action of surface diffusion over the length scale , resultingin the propagation of a bulk three-dimen- sional dealloyed porous structure. The dissolution of the more reactive component necessarily results in the development of a two-phase interpenetrating solid-void corrosion morphology which, owing to Gibbs-Thomson effects, coarsens at a rate determined by the temperature and the electrochemical potential. At potentials less than E(p), only a small fraction of the surface containing A clusters of size greater than can activate, and this dissolution source is exponentially exhausted. At potentials between EQ) and E, clusters of size are activated; however, the current will be limited by exhaustion of large clusters and surface-diffusion processes. Below the critical potential it is not possible to propagate a connected void phase into the bulk solid. Nevertheless, there must be, on. average, surface enrichment of the more noble component(s) as long as a current flows corresponding to the dissolution of the more active component(s). Current densities in this so-called passive region1 depend on the details of the specific alloy-electrolyte system nnder study and typically range from less than 0.1 to 10 p.A-cm2. Several investigators have reported a powerlaw decay of the current with time in this potential region.7"1 Before specifically addressing this issue we consider the microscopic aspects of dissolution below the critical potential.
We begin our discussion assuming that the alloy surface under consideration is vicinal with a well-defined mean separation, 1, between the steps. The steps contain a temperature-dependent equilibrium population of mobile kinks, which results in step roughness on atomic length scales. Therefore, at a step edge, the quenched-in cluster structure discussed is "disordered" owing to thermal roughening. The AB,_ alloy surface is immersed in an electrolyte and is maintained at a potential below the dissolution potential E(p). Owing to curvature effects discussed by Sieradzki,5 terrace dissolution of A atoms is not possible from clusters of size or less. Terrace dissolution occurs only from A clusters of size greater than and since these clusters do not percolate through the solid (recall that is taken to be the average size of the percolation backbone), this source of electrochemical current is very quickly exhausted. Note that the occurrence of a large cluster on a surface is an exponentially rare event, and the probability of finding other large clusters in subsequent layers immediately below a large cluster in the first layer (such that dissolution can continue) quickly becomes zero.
However, since surface vacancy clusters are mobile,'°'2 once formed, they diffuse about on the surface, which results in further A atom dissolution in two ways:
1. Ledge dissolution from sites defining the periphery of the vacancy cluster when it intersects with A atoms in the surface layer. This intersection is a statistical event resulting from cluster motion. We expect that dissolution from these sites will occur regardless of cluster-size considerations, which become irrelevant at ledges as discussed previously.
2. Terrace dissolution, say from the second layer, as the vacancy cluster motion exposes large ( ) exponentially rare clusters in that layer. Such a vacancy cluster, now two atomic layers in height, continues to diffuse about on the surface. In either case, the vacancy cluster(s) grows as A atoms are consumed and its mobility is reducedJ''4 This reduction in mobility must result in a dissolution current which decays with time. Additionally, A atom dissolution occurs from the pre-existing ledges defining the vicinal surface. These ledges must eventually enrich in the more noble B atoms, but continued dissolution of A is supported by step fluctuations, which causes the ledge to meander ' in a manner similar to the vacancy clusters.
At potentials above Etp) and below the critical potential, clusters of size are dissolved from the surface, forming multilayer deep-vacancy clusters or atomic-scale pits. After a number of layers of A atoms within the c-sized clusters dissolves, B atom diffusion covers the bottom of these pits, preventing activation-controlled dissolution.
Activation-controlled dissolution on length scales greater than also shuts down, since clusters of this size or greater do not percolate through the solid. Under these conditions, further dissolution of A atoms can proceed only under the surface-diffusion-controlled situations described.
Several investigators have examined the form of current transients below E obtained by potential pulsing or rapid scratching.74° The general consensus is that the current decay follows a power-law behavior, i -tm, where m lies in the range of about 0.5 to 1.0. In the next section, we present results of potential pulsing on Ag0 ,Au02 and Cu0 8Au02
alloys. These results demonstrate that the nature of the current decay is sensitive to the surface preparation of the electrode. For example, preparation by mechanical polishing results in the development of residual stresses in the surface region of the electrode. These stresses bias surface diffusion and cause viscous effects to enter into the surface relaxation mode. Another issue associated with electrode preparation relates to the experiment discussed earlier where the electrode is held a potential, E,, below the critical for a prescribed time and then pulsed to a potential, E2, above E. We found that the accumulated charge density, Q, at E, was not reproducible unless a well-annealed electrode surface was used.
There are other subtle issues associated with potentialpulsing experiments aimed at examining monolayer levels of charge passed. Consider the situation of an electrode comprised of pure elemental B which is covered by a monolayer of element A. This situation is similar to an underpotentially deposited (UPD) layer. Let's apply a potential pulse to this system from a potential at which the A monolayer is stable to a potential just above the stripping potential for the monolayer. Assuming a simple dissolution process (no side redox reactions occurring) one would expect to measure a monolayer of charge under the integrated current transient. However, for most systems, this is not the case. As the A monolayer is being stripped, B surface is exposed, and this results in a recharging (or discharging) of the double layer. The magnitude of charge that can flow during this process is related to the difference in the potential of zero charge (pzc) and the potential-dependent double-layer capacities of A and B. This topic has been thoroughly discussed by Swathirajan and Bruckenstein'6 in reference to UPD processes. The charge resulting from these double-layer effects during potentialpulsing experiments can be of the same order as the charge associated with the faradaic stripping of A. Similar effects must occur in potential-pulsing experiments of alloys below E, albeit to a lesser degree, and our own estimates of Q are subject to these concerns. Nevertheless, for alloys that are rich in the more active constituent, these effects should be relatively minor
The conventional view of morphology evolution in the region below the critical potential is that the alloy surface maintains a stable planar interface while enriching in the more noble constituent, B.' The current decay is believed to be correlated with the B enrichment. To the best of our knowledge, the current never drops identically to zero, which is what would be expected (for carefully chosen experimental systems) if the enrichment of B takes the form of several complete monolayers covering the surface. In this case, we would expect the original monolayer-high step structure of a vicinal surface to reorder, owing to A atom dissolution, into a new step structure, and such a process should be observable using in situ scanning tunneling microscopy (STM). Even if a complete monolayer of B does not form, considerable reordering of the step structure should occur at potentials between E(p) and E to account for the significant current decay observed.
In this paper we describe the results of experiments and modeling aimed at sorting out some of these issues. In situ STM Is used to examine surface morphology changes occurring on a Ag0 3Au02 alloy surface at potentials below the critical potential. Current decays are examined for both a Ag0 alloy and a Cu0 0Au02 alloy. Electrochemical experiments were also performed to examine how the buildup of a blocking layer of noble metal occurring below the critical potential affects the nucleation and growth of the dealloyed morphology at potentials greater than the critical potential.
Experimental
Ag0 0Au02 and a Cu0 8Au02 alloy sheets used for a portion of this work were prepared by Goodfellow, Inc. Chemical compositions and homogeneity were confirmed by energy dispersive x-ray spectroscopy (EDS) using a JOEL 840
Superprobe equipped with a Tracor Northern EDS system. Unless otherwise stated, all alloy sheets used in this study were polished down to a 9 m finish and finally annealed (in a hydrogen atmosphere) just prior to use at 850°C
for 24 h. All solutions were prepared using double-distilled, and Barnstead Nanopure (18 MIll cm) water. An etched copper wire was used as a pseudo reference electrode in this system. All potentials quoted unless otherwise noted are with respect to these pseudo reference electrodes. The stability of each of the reference electrodes was checked against a standard calomel electrode (SCE) and was found to be better than 10 mV over a 24 h period. All the cells and glassware used in the experiments and preparation of electrolytes were cleaned in concentrated H2S04 at 70°C and thoroughly rinsed using double-distilled, and Barnstead Nanopure (18 MIll cm) water.
Electrochemical studies were carried out using a Bioanalytical Systems CV-27 potentiostat. The electrochemical cell was made of Teflon and constructed with a 1 cm diam Teflon 0-ring seat which was mechanically pressed against the working electrode. The counterelectrode used in all the experiments was a Pt wire.
The electrochemical STM studies were performed using a Molecular Imaging Pico STM with a Model 300S scanner and a Molecular Imaging Model 300S pico bipotentiostat. The cell was made of Teflon and exposed an area of working electrode of ca. 0.28 cm2 and had a volume of Ca. 0.12 cm3. Prior to each experiment, an STM tip was prepared by etching a 80:20 Pt + Jr wire in a CaC12 solution and isolating with Apiezon wax.
Results
Critical potentials-The polarization curves (1 mV s) for the systems Ag0 0Au02/1 M HC1O4 + Ag and Cu08Au02/0.01 M.H2S04 + 0.99 M Na2504 + i0 M CuSO4 are shown in Fig. 2 and 3 . The critical potentials were measured with respect to the pseudo reference electrodes (M°/M equilibrium potential, where M is Ag or Cu) described previously. Figure 2b shows that for the Ag0 0Au0 / 1 M HC1O4 + Ag system E (referenced to a standard hydrogen electrode scale) decreases by about 15 mV for every decade change in Ag concentration over the range examined.
In situ STM.- Figure 4 shows the morphological evolution of the surface of the Ag0 0Au02 alloy thin film immersed in the 1 M HC1O4 + 10's M AgClO4 electrolyte and held at 80 mV for the indicated times. Note that the steps at open circuit (Fig. 4a ) on this portion of the surface were typically 1 or 2 monolayers in height. There are small (2 to 10 nm in size) monolayer-high islands on the surface that are mainly Au; these were also visible during STM imaging in air. Figure 4b -h shows how the surface evolved over a 104 mm time span. After 3 mm we observed the formation of vacancy clusters 1 to 3 monolayers deep. The clusters are not very homogeneously dispersed on the surface, and there is a well-defined dissolution front which developed on the largest terrace. There is more severe attack at the step edges and the lower portion of Fig. 4b . As time evolves, (compare, for example Fig. 4b and c) more clusters become visible on the terrace and vacancy cluster connectivity is more prevalent. According to the previous discussion vacancy clusters nucleate in terraces immediately following the application of the potential, and as they grow and coalesce, they become visible in the STM at this resolution. Observation of the surface at higher resolution indicates that an increase in the root-mean-square (rms) roughness of the surface occurs immediately following the application of the 80 mV potential, and this is attributed to the development of "small" vacancy clusters which are not visible at the resolution of Fig. 4 . As vacancy clusters merge, gold islands form and eventually take on a trian- (111) surface. This triangular island morphology is first apparent along the step edges (upper left portion of Fig. 4c ).
After about 60 mm, this island morphology becomes well defined on the terraces. Figure 5 shows how the surface in Similar experiments on other samples showed much the same general behavior; however, there were interesting differences in what we observed that depended on the surface morphology in the immediate vicinity of the imaged region. Figure 6 shows results of another experiment on the Ag0 8Au02 alloy thin film immersed in the 1 M HC1O4 + i0 M AgC1O4 electrolyte and held at various potentials for the indicated times. We note that there were large step bunches on the order of 10 nm in height creating "hills"
and "valleys" in the immediate vicinity of the region shown in Fig. 6 which are not visible in the images. After 1 mm at 80 mV (Fig. 6b) , much of the original step structure of the surface was washed out by the dissolution. Detailed comparison of Fig. 6a and c shows that most of the subtle step structure visible in Fig. 6a reappeared in Fig. 6c . This behavior is indicative of the removal of a surface-enriched Ag layer which probably resulted from segregation (during thin-film processing) which is known to occur in this system. 18 We offer a possible explanation for why some of our experiments showed this behavior while others (such as the one presented in Fig. 4 t12 mm., t'=6 mm. t=I5min., t'=9 mm.
(e) t=21 mm., t'=15 mm. t=56 mm., t'=48 mm. t=65 mm., t'=60 min.t110 mm., t'=104 mm.
apparently retained the expected Ag-enriched layer. Figure 6d shows the surface of the sample just after increasing the potential to 160 mV. Both the upper and lower portion of this figure show a cloudy region with a well-defined interface(s) which moves across the surface (Fig. 6d-h ). The triangular Au island morphology is also visible in these images. This interface corresponds to a diffusion front moving at a velocity of -0.05 nm s' over the surface. Figure 6h is a vertical section through Fig. 6e showing a dramatic difference in the rms roughness of the regions on either side of the front. The rms roughness Fig. 4 following a potential pulse from 80 to 120 mV. t is the total time of STM imaging, and t' is the time held at the indicated potential. t=131 mill., t'=ll mm.
-." , t=146 mill., t'=30 mill. 120 mV t=160 mill., t'=44 mm. t=190 mill., t'=75 miii.
(e) (1) (g) 160 mY Each length scale has a characteristic time associated with diffusion-controlled coverage on that length scale.
Current transients below the critical potential-We performed potential-pulsing experiments on both Ag0 0Au02 and Cu0 8Au02 alloy sheets in the annealed and the as-polished condition. Apparently all of the previously reported work in this area used samples prepared by polishing without a subsequent anneal.7'° Residual stresses remain in the as-polished samples and introduce viscous relaxation processes affecting the gold reordering occurring on the sample surface; this has a measurable effect on the current transients obtained from potential pulsing. Figure 7 shows results obtained by potential pulsing for both the annealed and as-polished alloy sheets. The qualitative shape of the current transients obtained on both alloys depends on whether the samples received a final anneal. In the annealed condition, the transients display a more rapid rise and decay and are doubly peaked. In the as-polished state only a single peak appears, and the rise and decay is slow in comparison to the behavior of the annealed materials. The double-peak rise for the Ag0 8Au02 alloy occurs on a time scale which is of the order of the response time of the potentiostat. Nevertheless, we observed a similar result on the Cu0 0Au02 alloy, albeit at significantly longer times (100 ms compared to 10 ms), which indicates that this behavior is real. The double-peak behavior probably results from the removal of a segregated layer on the surface of the annealed samples. Figure 7c shows the results of Fig. 7a and b in the form of a log-log plot. Note that while it may be possible to describe a small piecewise region of these curves as "straight," none of these curves shows well-behaved power-law behavior. Attempts to fit the results shown in Fig. 7 to power-law behavior result in exponents over the range of --0.5 to -1.5. The results of a series of potential-pulsing experiments on the annealed Ag-Au alloy are shown in Fig. 8 . Potential pulses from the open-circuit potential (20 mV) to 150 mV and greater produced current transients showing several regimes of power-law behavior. Potential pulses from the equilibrium potential to potentials less than Ca. 150 mV resulted in an initial short-lived power-law region of slope -1.0 0.1, which at longer times (>1 s) shifted to a slope of -0.65 0.1. The decay shown, which extends to greater than iO s, is comprised of data which were spliced together from several 20 to 250 mV pulses. After about i0 s the current (10 nA) was at a level of the order of the noise.
Potential Pulsing from below to above E.-As described in the Introduction, potential-pulsing experiments were performed from a potential, E1, below the critical potential to another value, K,, which was greater than the critical potential (see Fig. 1 ). The potential is held at E, allowing for a prescribed charge density, Q, which results in the accumulation of many equivalent monolayers of Au. The potential is then pulsed to another value, E2, which is greater than the critical potential, and the current-time response of the electrode is followed. The purpose of these experiments was to determine the effect of a "blocking layer" of Au on surface activation. Here activation refers to the "nucleation" and growth of the bulk dealloyed sponge morphology. These experiments were performed on both the Ag0 0Au02 and the Cu0 0Au02 alloy. Here we report on the results for the Cu alloy for which we have a more complete data set. We note that similar results were obtained for the Ag alloy. Figure 9 displays the results obtained for the copper alloy where E1 was 650 mV and K, was 850 mV (see Fig. 3 ).
Each of the transients was normalized by the value of the current maximum achieved for that particular pulse.
Assuming that the charge we measure corresponds to the reaction Cu -Cu2 + 2e, a dissolved monolayer of Cu from the alloy corresponds to Ca. 300 tC cm2 so that the charge corresponding to the formation of one equivalent (blocking) monolayer of Au is -1500 iC cm2. The data in Fig. 9 correspond to the range of 2 to 100 equivalent monolayers of Au. If each Au layer is m0.25 nm thick, this charge density corresponds to equivalent Au layer thicknesses of 1 to 25 nm. Because of the nature of the current decays, larger Au layer accumulations were not experimentally accessible.
These data were analyzed using a Johnson-Mehl-Avrami formalism (JMA), 19 The time to reach the maximum current observed in a particular transient is taken to correspond to the time required for the "entire" surface of the electrode to activate, ultimately resulting in the development of the homogeneous two-phase interpenetrating microstructure, i.e., bulk dealloying. We assume that this activation corresponds to the nucleation of numerous "pits" which grow both laterally across the surface and into the solid. The initial structure of the surface, i.e., at E1, is known to us from the in situ STM studies discussed earlier. Au islands on the order of 3 to 20 nm cover the surface. It is reasonable to assume that the initial activation or pit nucleation occurs on those portions of the surface not covered by these islands. The pits are initially "one 14 12 0 10 dimensional," but as they grow into the solid following percolation paths, they adopt a ramified or fractal nature. Pits eventually intersect with one another below the surface forming the interpenetrating microstructure. The time for the pit intersection depends on the initial separation between pits on the surface, and this is governed by the island coverage. Since percolation paths are followed, pits will also adopt re-entrant paths back through the surface at locations defined by the interface of the alloy and the Au islands which block portions of the surface from dissolving. This results in a diffusional rearrangement of the Au islands which can uncover previously inaccessible areas to dealloying. The lateral growth of pits occurs both by synergistic diffusional and dissolution processes (as described in the Introduction) which further opens new areas on the surface to dissolution. Assuming that the surface activates in the manner described, we interpret the Avrami exponent, n, in the relation I = 1 -exp (-at), to correspond to the fractal dimension of intersecting pits near the surface during the activation process (where I is the normalized current). Consequently, for small accumulated charge densities we expect Avrami exponents to be 1 (linear pits), and as the charge density increases, the pit geometries adopt a higher fractal dimension, which eventually must saturate at the value of 1.8 characterizing the backbone of the three-dimensional percolation path. This saturation occurs as the separation between active sites approaches the percolation correlation length.2° The quality of the exponent fit was good, as shown in Fig. 10 , which displays the data for Q = 3 and 149 mC cm2 in the standard log [-log (1 -1)] vs. log t format. Discussion Figure 2 illustrates the dependence of the critical potential for the Ag0 8Au02 alloy on the dissolved Ag content of the 1 M HC1O4 electrolyte. To our knowledge, this is the first report in the literature of such behavior. Figure 2b shows that for this system the critical potential referred to the normal hydrogen electrode (NHE) scale increases by 9 . Results of potential-pulsing experiments (plotted as normalized current, I, vs. time) on the Cu0 8Au02 alloy as described in the text. E1 = 650 mV, E2 = 850 mV. Each of the transients was normalized by the value of the current maximum. The values in the legend correspond to the charge density (mC/cm2) accumulated at E1 and the value of th Avrami exponent, n, in the equation I = 1 -exp (-at"). 15 mV for every decade increase in the dissolved Ag* content in the electrolyte. This behavior results from the increase in the exchange current density with the dissolved Ag content of the electrolyte and is qualitatively predicted by the form of Eq. 2.
The in situ STM results clearly demonstrate that for the systems investigated, alloy surfaces undergo some roughening on atomic length scales at potentials below the critical potential. The nature of the roughening we observed is similar to roughening which occurs during the early stages of 3D (Volmer-Webber) thin-film growth. Selective dissolution of the less noble constituent resulted in the formation of faceted 3 to 20 nm Au islands. The percent of the surface covered by these islands increased as the potential approached the critical potential.
Below the critical potential, selective dissolution initiates at A (where A is either Ag or Cu) atom clusters on the surface. As discussed in the Introduction, this process can proceed only for clusters of size greater than since curvature-driven surface diffusion of Au atoms covers clusters of size . Since these large clusters do not percolate through the solid, the number of A atoms in these large clusters is exponentially depleted. The exponential behavior is a direct consequence of the percolation correlation function, g(r) = exp (-r/K), which is the probability that two atoms a distance r apart belong to the same cluster. Here K is the percolation correlation length. This dependence can be easily deduced from a mean-field analysis where the decay in the number of atoms available for dissolution is a result of noble-metal surface accumulation. Assume that dissolution of A atoms proceeds by a layerby-layer process, and let c correspond to the Au atom fraction in the alloy. We neglect interlayer transport and allow the remaining Au in any particular layer to coalesce into monolayer-high islands. After dissolution of all A atoms from the first layer, a fraction, (1 -c) , of the second layer; is not covered by Au and is available to dissolve. If all the A atoms are removed from the second layer, an additional fraction, c(1 -c), of the surface becomes covered so that the total fraction of surface covered becomes c + c(1 -c) = 2c -c2. The total fraction of the surface available to dissolve in the next layer is then 1 -(2c
Proceeding in this manner one can easily show that the fraction of the surface available for dissolution after N layers have dissolved is ( 5mC.n= 1.47 3mC,n=I.3l
corresponds to the fraction of the surface covered by Au in ith layer of the layer-by-layer dissolution process. By definition, this geometric series must converge to unity. Since p = (1 -c), the fraction of the surface available for dissolution after N layers have dissolved is simply plq, The number of A atoms available for dissolution decays exponentially since pN = exp (-cdv), where ci = lln p1. This result is quite general even if the Au islands which form are more than a monolayer high.21 One can also arrive at this conclusion by consideration of the cluster distribution, n, S-exp (-gS), where n, is the number of clusters per surface site containing S size clusters, g is a function of p, and o = 1 in 2D. The probability of S-size clusters sitting on top of one another in N successive layers is exp (-gNS). This identification allows us to understand easily the initial form of the current decay. The current density in the activation-controlled high-overpotential regime is given by I = {qkN, exp (qA4/2k exp (q1/2kT) where k is a rate constant, N, the number of sites per unit area available for dissolution, q is the magnitude of the elementary charge, A4, is the equilibrium metal/metal ion electrode potential, k is Boltzmann's constant, and q is the overpotential.
This can be readily integrated to yield a solution of the form r oc K ln t + constant The average penetration rate or current density which is directly proportional to dr/dt displays t1 power-law behavior. Finally, we note that the form of a in this analysis is irrelevant and that we could have examined the situation in the low-overpotential regime.
Immediately after a potential pulse is applied, the large A atom clusters dominate the current decay. However, there are weaker "sources" of current which show a different time decay, i.e., I -tm, where m c 1, so that eventually there is a crossover to other power-law behaviors. This occurs at times dependent on alloy composition and overpotential. These other sources of current result from vacancy-cluster diffusion and growth and step meandering, as discussed in the Introduction.
The Brownian motion of vacancies has been examined by a number of investigators. where k is Boltzmann's constant, T the absolute temperature, 1? the cluster radius, t the step edge stiffness, and 'r0 the relaxation time of an excitation of the nth mode, with wavelength 2irR/n, of the cluster boundary. The diffusivity is defined by = (9m)/4t [9] where cm is the position vector of the vacancy center of mass. The fluctuations take three different forms corresponding to three distinct mass-transport mechanisms which can occur at the island boundary 1. Periphery or edge diffusion (PD)-Mass transport via diffusion along the boundary or edge defining the vacancy.
2. Terrace diffusion (TD)-The boundary of the island emits adatoms which diffuse on the terrace defined by the vacancy interior and adsorb at another portion of the vacancy periphery.
3. Evaporation and condensation (EC)-Atoms at the periphery undergo random detachment and attachment to and from a reservoir.
Each mechanism has a relaxation time which scales with a power law of the radius22 of the cluster; i.e., oc where = 4, 3, and 2 for the cases of PD, TD, and EC. Substitution of this scaling expression for the relaxation time into Eq. 8 for the cluster diffusivity results in behavior of the form D0 cc R''. Cluster motion is responsible for capturing less noble metal atoms (which are initially not in a large enough A atom cluster to dissolve from terrace sites at potentials less than E,) and allowing them to dissolve. The number of A atoms dissolved in this manner within a time At is proportional to the area (Au) swept out in that time, and the current generated by this process is given by d(AA)/dt. This area is schematically illustrated in Fig. 11 .
As dissolution of A atoms occurs from the periphery of the cluster, the cluster radius increases. (This dissolution process should not be confused with the EC mechanism described previously.) A atom dissolution on average is responsible only for vacancy-cluster growth and does not alter the location of the vacancy-cluster center of mass. It is straightforward to show that for small At or r/R .c< 1 [where r (rm)"2i, the area swept out by the vacancy is given by AA 8Rr [10] 2 -(r/R)2 [6] We can rewrite the expression for AA by making use of the definition of the vacancy diffusivity and the scaling relations between R, D0, and time obtaining where ft is a different constant for each of the vacancy mobility mechanisms discussed (i.e., i represents either PD, TD, or EC).15 Note that since the vacancy is growing, the cluster diffusivity is dispersive. The electrochemical current from the vacancy growth and motion is proportional to d(AA)/ctt initial vacancy position [5] [7] 8f31t°'2 AA 2 - [11] position after At [13] Making the appropriate substitutions for yields exponents of -5/8, -1/2, and -1/4 for PD, TD, and EC, respectively. In the systems we examined the EC mechanism is not operative since Au does not oxidize in perchloric acid to yield soluble cations. The results presented in Fig. 4 and 8 support the conclusions of this analysis. The 80 mV potential pulse displays a short-lived t1 current decay which crosses over to t218 behavior within 1 s. Since the dissolution potential, E(p), for the Ag0 5Au02 alloy is 10O mV, this potential pulse activates Ag dissolution only in clusters that are larger than the average diameter, , of the percolation backbone path. Consequently, exhaustion of the activation-controlled regime occurs very quickly, and the current decay should be dominated by the mechanism controlling cluster diffusion which is apparently PD. The time for this crossover behavior depends upon the potential (and alloy composition), and the initial stages of this behavior are apparent in the 100, 150, and 200 mV current transients shown in Fig. 8 . The 20 to 250 mV data display slower crossover behavior, and the "slope" is close to -0.75 0.1. Our in situ STM results demonstrate that the percentage of the surface which activates significantly increases as the applied potential is increased from 80 to 120 mV. This behavior is apparent by examining the density of faceted Au islands on the surface.
Comparison of our predictions with other results in the literature does not seem to be appropriate, since previous investigators examined the behavior of cold-worked electrodes.70° Previous models of current decay below E, were based on bulk solid-state diffusion,'7"3 and as we have discussed previously,25'6 these models seem to be unphysical since selective dissolution is demonstrably an invasion percolation process. Forty and Rowlandst' developed a surface-diffusion-controlled, layer-by-layer model for current decay above E2, which some investigators2'13 have applied to behavior below E,.' Their prediction was that the exponent in the power-law decay of the current should be -c/U -2c), where c is the atom fraction of the more noble constituent. This prediction does not fit the observed power-law behavior in the current decay below B,,.
Our interpretation of the potential pulsing data from below to above B,, assumes that pre-existing "growth centers" exist for the bulk dealloying. These centers must exist since there is a finite, albeit low, current density maintained at potentials below E,. The alternative explanation is that the surface is uniformly or homogeneously providing this current; however, this conclusion is inconsistent with the in situ STM results showing the heterogeneous nature of the surface (i.e., owing to the Au island coverage). When the potential is pulsed to B3, these preexisting centers nucleate pores which grow and coalesce until the surface is "fully" activated. The Avrami exponent characterizing the growth impingement saturates at a value of about 1.8 for large values of Q. We interpret this fractional exponent in terms of the fractal dimension characterizing the 3D percolation cluster structure (for length scales greater than the correlation length). ' Note that Forty and Rowlands developed a model where the atomic-scale pit which forms has its sides necessarily covered with the more noble metal constttuent. This leads to a power-law decay for fraction of surface area available for dissolution instead instead of the exponential decay we obtained.
Summary and Conclusions

j12)
We present a detailed electrochemical and in situ STM study aimed at examining the behavior of binary noblemetal alloys at potentials below the critical potential. The transient electrochemical behavior was correlated with surface morphology alterations observed in situ with STM. Our results demonstrate the necessity of careful electrode preparation in these experiments in order to obtain reproducible results. We found the existence of different regimes of power-law current decay behavior at potentials below the critical potential. The initial current decay displays t behavior which our modeling has shown to be consistent with the exhaustion of available sites for dissolution.
When the current from this process falls to a low enough level, the power-law adopts an exponent indicative of one of three mechanisms dominating in the surface-vacancy diffusion process. Our analysis shows that the current resulting from the surface-diffusion-controlled process can follow t518, t'°, and t"4 behaviors, respectively, for surface-vacancy-controlled periphery diffusion, terrace diffusion, and evaporation-condensation. Based on our experimental results, we conclude that the periphery-diffusion mechanism of vacancy motion is dominant in the systems which we examined. We found that the crossover in powerlaw regimes occurs at times which are dependent on applied potential and speculate that alloy composition also affects crossover times. Finally, in low-melting-point alloys, identified when the ambient homologous temperature is of the order of 0.5, we expect that bulk solid-state diffusion contributes to the dealloying process. In this event other mechanisms of current decay, such as that recently described by Ateya and Pickering,10 may be operative.
The nucleation and growth experiments as described in the text provide another validation of the percolation model of alloy dissolution.2' The fractional Avrami exponents correspond to the fractal dimension of the porosity at connectivity, marking the onset of surface activation and bulk dealloying.
